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Abstract
The α7nicotinic receptor (nAChR) is a major subtype of the nAChRs in the central nervous
system, and the receptor plays an important role in brain function. In the dbSNP database,
there are 55 single nucleotide polymorphisms (SNPs) that cause missense mutations of the
human α7nAChR in the coding region. In this study, we tested the impact of 14 SNPs that
cause missense mutations in the agonist binding site or the coupling region between binding site and channel gate on the receptor function. The wild type or mutant receptors were
expressed or co-expressed in Xenopus oocytes, and the agonist-induced currents were
tested using two-electrode voltage clamp. Our results demonstrated that 6 mutants were
nonfunctional, 4 mutants had reduced current expression, and 1 mutants altered ACh and
nicotine efficacy in the opposite direction, and one additional mutant had slightly reduced
agonist sensitivity. Interestingly, the function of most of these nonfunctional mutants could
be rescued by α7nAChR positive allosteric modulator PNU-120596 and agonist-PAM
4BP-TQS. Finally, when coexpressed with the wild type, the nonfunctional mutants could
also influence the receptor function. These changes of the receptor properties by the mutations could potentially have an impact on the physiological function of the α7nAChR-mediated cholinergic synaptic transmission and anti-inflammatory effects in the human SNP
carriers. Rescuing the nonfunctional mutants could provide a novel way to treat the related
disorders.
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that no competing interests exist.
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Introduction
Cholinergic transmission plays an important role in brain function, such as learning and memory through the neurotransmitter acetylcholine and its receptors [1]. nAChRs are acetylcholine-operated ion channels. They belong to the pentameric ligand-gated ion channel
superfamily, which includes vertebrate cation-selective nicotinic receptors [2], serotonin receptor type 3 [3] and zinc-activated ion channel [4], and anion-selective GABAA/C receptors [5–7]
and glycine receptors [8]. The pentameric ligand-gated ion channels are allosteric proteins [9],
in which, the orthosteric ligand binding sites are located in the extracellular N-terminal
domain, and the ion conducting channel is formed by the transmembrane domain. The binding site is formed by 6 binding loops. Loops A, B, C from one subunit forms the principal side
of the binding pocket, whereas loops D, E, F from the neighboring subunit form the complementary side of the binding pocket [10]. Thus, neurotransmitter binding to the N-terminal
binding site can allosterically (remotely) control the channel gate through an evolutionarily
interconnected allosteric network [11, 12]. There are 17 subunits and isoforms of nAChRs: α1–
10, β1–4, γ, δ, and ε [1, 2, 13]. The pentameric receptor can have five identical (such as in α7
nAChR) or different (such as in α4β2 nAChR) subunits in a receptor. In the mammalian brain,
the major subtypes are heteromeric α4β2 and homomeric α7 nAChRs [2].
Homomeric α7 nAChR is widely distributed in the CNS and autonomic ganglia. It has
much higher calcium permeability than other subtypes of nAChRs [1]. In addition to excitatory synaptic transmission, α7 nAChR also plays an important role in transmitter release
[14], neurite growth [15], neuronal survival and apoptosis[16] and neuronal plasticity [17].
Dysfunction of α7 nAChR is associated several neurological and psychiatric disorders, such as
schizophrenia [18]. In addition, α7 nAChR gene deletion is associated with seizures and mental
retardation [19, 20].
Transcript of α7 nAChR subunit is also found in immune cells, especially in macrophages
in peripheral blood and microglia cells in the CNS [21]. In fact, nicotine has anti-inflammatory
effects, which can be blocked by α7 selective antagonist [22]. Experimental evidence suggests
that there are cholinergic anti-inflammatory pathways in peripheral and CNS via α7 nAChR
expressed on macrophage or microglia [23, 24]. These studies suggest the essential role of α7
nAChR in inhibiting cytokine synthesis by the cholinergic anti-inflammatory pathway. A more
recent study suggests that the α7 nAChR mediates the inhibition of T cell function through the
regulatory T cells [25].
Single Nucleotide Polymorphisms (SNPs) are single base variations of the DNA sequence
among individuals of the same species [26]. In the coding region of exons, a SNP can cause
missense mutations, which result in substitution of an amino acid residue at the protein level,
which may have impact on protein expression and/or function.
The SNP database [27], dbSNP, in the National Center for Biotechnology Information
(NCBI) listed 55 SNPs causing missense mutations of the human α7nAChR. Mapping these
mutations in the 3D structure of the α7 nAChR subunit homology model, we identified 14
α7nAChR SNPs that cause missense mutations in the agonist binding loops or the coupling
region between amino terminal domain and transmembrane domain (Fig 1). Specifically, these
mutants are located in the binding loop A (Y93C), loop C (C191Y, K192R, and D197N), loop
D (W55G); coupling loop 2 (N47D), loop 9 (N171S and E173K), pre-M1 (R205C, R205H, and
R206C), and extracellular end of M1 (Y211C, G212V and G212S). In this study, we characterized the functional impact of these 14 mutants for the neurotransmitter acetylcholine, and
smoking related agonist nicotine. These SNPs and corresponding mutations are listed in
Table 1. It should be pointed out that although in this study we selected the mutants in the
binding site and coupling region, we cannot exclude possibility that mutations in other part of
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Fig 1. Location of 14 mutations in the α7 nAChR receptor. A: The residues with the mutations in the
binding region (loops A (TYR93), and C (CYS191, LYS192, ASP197) of the principal side of a binding pocket,
and D (TRP55) of the complementary side of the neighboring binding pocket); B, The residues with the
mutations in the coupling region (loop 2 (ASN47), loop 9 (ASN171 and GLU173), pre-M1 (ARG205 and
ARG206) and M1 (TYR211 and GLY212).
doi:10.1371/journal.pone.0137588.g001

the receptor can influence channel function. As demonstrated by single channel studies to map
gating energy changes upon mutagenic perturbation in multiple domains, although sources of
gating energy are mainly from the binding loops C, B, and A, other part of the receptor can
also influence channel gating, but to a lesser extent. [28, 29].

Materials and Methods
Mutagenesis and cRNA Preparation
The cDNA encoding wild type human α7 nAChR subunit was cloned into pGEMHE oocyte
expression vector with T7 orientation. The mutations were made with the PCR-based QuikChange method of the site-directed mutagenesis (Stratagene, Hercules, CA, USA) with Phusion DNA polymerase (New England Biolab, Ipswich, MA). The mutations were confirmed by
Table 1. List of the SNPs of the human α7 nAChR in this study.
SNP name

Missense mutation

Numbering w/o signal peptide

Location in the receptor

rs201473594

N69D

N47D

Loop 2 (coupling)

rs12899798

W77G

W55G

Loop D (binding)

rs200908085

Y115C

Y93C

Loop A (binding)

rs201108331

N193S

N171S

Loop 9 (coupling)

rs201210785

E195K

E173K

Loop 9 (coupling)

rs200236230

C213Y

C191Y

Loop C (binding)

rs143167432

K214R

K192R

Loop C (binding)

rs377100778

D219N

D197N

Loop C (binding)

rs140316734

R227C

R205C

Pre-M1 (coupling)

rs138222088

R227H

R205H

Pre-M1 (coupling)

rs201224804

R228C

R206C

Pre-M1 (coupling)

rs142728508

Y233C

Y211C

M1 (coupling)

rs201524804

G234S

G212S

M1 (coupling)

rs377388459

G234V

G212V

M1 (coupling)

doi:10.1371/journal.pone.0137588.t001
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automated DNA sequencing of the entire coding region. The wild type and mutant cDNAs
were amplified by PCR with Phusion DNA polymerase and M13 forward and reverse primers,
and used as the DNA templates for cRNA synthesis. The cRNAs were transcribed by standard
in vitro transcription using T7 RNA polymerase. After degradation of the DNA template by
RNase-free DNase I, the cRNAs were purified and resuspended in diethyl pyrocarbonate
(DEPC)-treated water. cRNA yield and integrity were examined with an Eppendorf BioPhotometer and a 1% agarose gel.

Oocyte preparation and injection
Oocytes were harvested from female Xenopus laevis (Xenopus I, Ann Arbor, MI, USA), using
the protocol "Xenopus Care and Use" approved by the Institutional Animal Care and Use
Committee of the St. Joseph's Hospital and Medical Center for this study. Briefly, the frog was
anesthetized by 0.2% MS-222. The ovarian lobes were surgically removed and placed in the
incubation solution consisting of (in mM) 82.5 NaCl, 2.5 KCl, 1 MgCl2, 1 CaCl2, 1 Na2HPO4,
0.6 theophylline, 2.5 sodium pyruvate, and 5 HEPES; 50 U/ml penicillin, and 50 μg/ml streptomycin, pH 7.5. The frog was given analgesic xylazine hydrochloride (10mg/kg, ip) and antibiotic gentamicin (ip, 3mg/kg) after surgery, and then allowed to recover from the surgery before
being returned to the incubation tank. The animals were euthanized under anesthesia with
MS-222 after the third surgery. The ovarian lobes were cut into small pieces and digested with
1 Wunsch unit/ml liberase blendzyme 3 (Roche Applied Science, Indianapolis, IN, USA) with
constant stirring at room temperature for 1.5–2 hours. The dispersed oocytes were thoroughly
rinsed with the above solution. The stage VI oocytes were selected and incubated at 16°C before
injection. Micropipettes for injection were pulled from borosilicate glass on a Sutter P87 horizontal puller, and the tips were cut with forceps to 40 μm in diameter. The cRNA was drawn
up into the micropipette and injected into oocytes with a Nanoject micro-injection system
(Drummond, Broomall, PA, USA) at a total volume of 20~60 nl.

Two-electrode voltage-clamp
Two to 4 days after injection, the oocytes expressing the wild type or mutant receptors were
placed in a custom made small volume chamber with continuous perfusion with the calciumfree oocyte Ringer’s solution, which consisted of (in mM) 92.5 NaCl, 2.5 KCl, 1.8 BaCl2, and
5 HEPES, pH 7.5. The chamber was grounded through an agar KCl bridge. The oocytes were
voltage-clamped at-70 mV to measure ACh-, nicotine-, or 4BP-TQS-induced currents using an
AxoClamp 900A amplifier (Molecular Devices, Sunnyvale, CA, USA). The current signal was
filtered at 50 Hz with the built-in 4 pole low-pass Bessel filter in the AxoClamp 900A and digitized at 100 Hz with Digidata1440A (Molecular Devices).

Drug Preparation
Acetylcholine chloride and nicotine (SigmaAldrich, St. Louis, MO, USA) PNU-120596 and
4BP-TQS (Tocris, Bristol, UK), atropine (SigmaAldrich) stock solutions were prepared from
the solid and stored at-20°C in aliquots. Working concentrations of these drugs were prepared
from stock solutions immediately before use.

Data Analysis
The peak current and net charge of the ACh-induced current were measured using Clampfit10.3. The peak current was measured relative the average baseline within 1 second before
ACh application switching. The net charge (the area under the curve) was measured with the
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start point 0.5 second after the pinch valve switching (~0.5 second before inward current rising) to 4 seconds later, when the fast decay phase of the currents induced by all concentrations
of ACh was essentially completed for the wild type and mutants, using the average baseline
within 1 second before agonist application switching. The concentration-response relationship
of the agonist-induced current or charge in recombinant nAChRs was least-squares fit to a Hill
equation with GraphPad Prism 6.0 (GraphPad Software, Inc, La Jolla, CA) to derive the EC50
(the agonist concentration required for inducing a half maximal change), Hill coefficient (the
slope factor), and maximum current, which was then used to normalize the concentrationresponse curve from individual oocytes. The average of the normalized currents or charges
for each agonist concentration was used to plot the data. All the data were presented as
mean ± SEM (standard error). Statistical comparisons for logEC50s, agonist-induced currents
at a saturation concentration, or allosteric modulator rescued currents between wild type/blank
control and multiple mutants were performed with one way ANOVA, or two-sided grouped ttest for two group comparison. Correlation between two parameters was performed by linear
regression analysis in Prism6.0.

Homology Modeling
The homology model of the human α7nAChR subunit was made with ICM Pro 3.7–2C (MolSoft, San Diego, CA) using chain A of the EM structure of Torpedo nicotinic receptor (PDBID:
2BG9 chain A) as the template for Fig 1. The resulting models were used to map the SNPs in
the 3D structure using Discovery Studio 4.0 Visualizer (Biovia, San Diego, CA). The same software was also used to present the crystal structures of acetylcholine binding protein (AChBP)
with ACh or nicotine in the binding pocket (PDBID: ACh binding with AChBP: 3WIP, nicotine binding with AChBP: 1UW6).

Results
Influence of mutations on the currents induced by ACh and nicotine
To test the impact of the 13 mutants (excluding W55G, which was tested in a separate experiment, as it was reported in the 2010 Society for Neuroscience Annual Meeting), we injected the
same amount of cRNAs of the wild type and 13 mutants into Xenopus oocytes and tested receptor function with 3.16 mM ACh, a saturation concentration of the wild type α7 nAChR. Fig 2A
shows the average currents induced by ACh for each construct. Note that except for two G212
mutants and K192R, all the remaining mutants exhibited reduced currents when compared to
the wild type. Among them, R205C, R205H, N171S, and N47D mutants exhibited 3.5- to
5-fold reduction. But their current levels were still significantly higher than the un-injected
control. Interestingly, Y93C, E173K, D197N, C191Y, R206C, and Y211C were nearly insensitive to 3.16 mM ACh. The very low ACh-induced currents are likely due to muscarinic receptor
activation by the high ACh concentration, despite the presence of 1μM atropine, because these
small currents were not statistically different from the current induced by 3.16 mM ACh in the
un-injected oocytes. Thus, these mutants are essentially nonfunctional. The responses to
3.16mM nicotine are also shown in Fig 2A. The current responses to nicotine for all constructs
exhibited a pattern similar to that for ACh responses. High concentration nicotine-induced
small currents in the same set of six mutants were also not significantly different from that
from the blank oocytes. Due to higher background current induced by 3.16mM nicotine in uninjected control and lower nicotine-induced current, the nicotine-induced currents in R205C,
R205H, N171S, and N47D mutants did not reach statistical significance when compared to the
un-injected control. The mechanism for the nonspecific effect of high concentration nicotine
on the oocytes is unknown. However, we have noticed that it is oocyte batch dependent. In
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Fig 2. Current responses of the wild type and mutant receptors to 3.16mM ACh or nicotine with noninjected oocyte controls. A. 13 mutants and wild type control along with un-injected oocyte control (for
nonfunctional mutants). The same amount of cRNAs for the wild type or mutant receptors was injected. On
the 3rd post-injection day, the oocytes were tested with ACh (with 1 μM atropine) or nicotine. The name of
each condition is indicated at the bottom of each bar. Each group had 8–18 oocytes from two sets of
experiments. Asterisk (*, **, or ****) represents that the difference between the wild type and each mutant
is statistically significant (P<0.05, P<0.01, or P<0.0001) in Tukey multiple comparison test of one-way
ANOVA. ♦, ♦♦ or ♦♦♦♦ represent the statistical difference with P<0.05, P<0.01, or P<0.0001 between blank
and each mutant. B. W55G mutant and its wild type control in a separate experiment (10 oocytes each
group). ****: P<0.0001 with 2-sided grouped t-test.
doi:10.1371/journal.pone.0137588.g002

summary, out of 13 mutants tested, only three mutants showed similar current levels as the
wild type. There were four functional mutants with reduced currents, and six nonfunctional
mutants.
For the W55G mutation, our results for ACh responses were similar to a previous report by
Williams et al [30]. In addition, we also noticed that W55G mutation differentially altered the
ACh and nicotine responses. Fig 2B shows that W55G mutation dramatically increased the
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3.16mM ACh-induced current, but dramatically decreased 3.16mM nicotine induced current.
We will discuss the potential mechanism for this difference later.

Concentration-response relationships of functional mutants and current
kinetics
To further characterize sensitivity of the functional mutants, we performed concentration
response analysis. Fig 3A and 3B shows that 7 functional mutants were similar to, or only
slightly deviated from, the wild type in their ACh sensitivity. Their pEC50s (negative log of the
concentration required to activated 50% charge) are plotted in Fig 3C. Note that, only N171S
mutant had slightly lower sensitivity than the wild type statistically significant with charge
analysis. For their current decay kinetics, there was no obvious difference that we can resolve
with our recordings. For nicotine concentration-response, because high concentration of nicotine could induce small currents in un-injected oocytes, we could not get clean concentrationresponse relationships for these mutants (data not shown). In contrast, the W55G mutant
exhibited larger sensitivity shift with a 6.5-fold reduction of the receptor sensitivity to its natural agonist, ACh (Fig 4A), and a 12-fold reduction for nicotine sensitivity (Fig 4B). By examining the current traces, it is also noticeable that the decay rate of the ACh-induced current is
slower in W55G mutant, similar to a previous finding [30]. In addition, it is obvious that the
kinetics of the nicotine-induced current in W55G mutant is much slower than that in the wild
type. Fig 4 also demonstrates that 3.16mM nicotine used in Fig 2B is near saturation concentration for both the wild type and W55G mutant, whereas 3.16mM ACh is a saturation concentration for the wild type, but is at about EC80 for W55G. It means that the maximum response of
W55G to ACh should be higher than the 3.16mM ACh-induced current. Thus, we can also
conclude that the W55G mutation dramatically increased ACh efficacy, but reduced nicotine
efficacy. In summary, for the functional mutants, W55G altered the sensitivity to both ACh
and nicotine in the same direction and to a similar extent. N171S is the only other functional
mutant with a slight decrease in ACh sensitivity.

Rescuing nonfunctional mutants by positive allosteric modulator
As mentioned above, we have identified 6 mutants, which were essentially non-responsive to
3.16 mM ACh. This non-responsiveness may indicate that the mutant receptors are not functional despite surface expression in the cell membrane. Alternatively, the mutations may influence surface expression or assembly of the receptor. Since these non-responsive mutants are
with the mutations in the binding site or coupling region, it is likely that surface expression is
normal but function is impaired. These two possibilities will be differentiated by the rescuing
effect of positive allosteric modulators or allosteric agonists.
The positive allosteric modulators (PAM) of α7 nAChR bind to the allosteric site in N-terminal domain or transmembrane domain to facilitate channel opening [31–33]. They have
promising therapeutic potential [34]. The PAMs presumably reduce the energy barrier for
channel opening. In fact, one PAM, PNU-120596, has been used to reveal function of some α7
nAChR silent agonists [35, 36]. Thus, it is possible that co-application of this PAM can rescue
the nonfunctional mutant receptor. To test this hypothesis, we co-applied PNU-120596 with
ACh or nicotine to all six non-responsive mutants. Indeed, some of the nonresponsive mutants
became functional in the presence of PNU-120596. Fig 5A shows that PNU-120596 rescued
ACh response in Y93C and R211C mutants, but not for the other 4 mutants. The rescue of the
two mutants suggests that the mutants have surface expression, but their function is impaired
due to mutation in the binding site in case of Y93C or the mutation in the coupling region in
case of R211C. Interestingly, PNU-120596 rescued one more mutant (C191Y) in addition to
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Fig 3. ACh concentration-response for most of the functional mutants. A. Representative current traces
induced by ACh for the wild type and mutant receptors with the concentrations indicated. B. Averaged and
normalized concentration-responses of charge (6–8 oocytes each group). Lines are nonlinear least squares
fits of the normalized averages of the responses to the Hill equation. C. Bar graph of the pEC50 values
(negative logEC50s) derived from B. ***: P<0.001 when compared to the WT value.
doi:10.1371/journal.pone.0137588.g003

Y93C and R211C for nicotine response. The nicotine response of another loop C mutant,
D197N, could also be partially rescued. Although it was not significantly different from the
blank control in initial ANOVA test, if we remove those groups with larger means (probably
contributing larger variations to mask the groups with smaller values) in the ANOVA test,
then it was significantly different from the blank control (P<0.0001). It was further confirmed
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Fig 4. Concentration-responses of W55G mutant to ACh and nicotine. A. Concentration responses of the wild type and W55G to ACh. Top: raw current
traces; bottom: normalized and averaged currents. Lines are least-squares fit of the data to the Hill equation. The resulting EC50 for ACh in the wild type
receptor was 210.5±24.3 μM, and the EC50 for W55G mutant was 1375.3±130.5 μM (N = 5). B. Concentration responses of the wild type and W55G to
nicotine. Top: raw current traces; bottom: normalized and averaged currents. Lines are least-squares fit of the data to the Hill equation. The resulting EC50
values for nicotine were 43.6±4.8 μM and 530.40±12.91 μM for the wild type and mutant receptor respectively (N = 5).
doi:10.1371/journal.pone.0137588.g004

by the concentration response (see Fig 6). However, the function of E173K and R206C mutants
for either ACh or nicotine could not be rescued by PNU-120596.
Since the nonfunctional mutants have mutations in the orthosteric binding site or the coupling region between N-terminal domain and transmembrane domain, it is likely that these
mutations do not influence the activation by an allosteric agonist. 4BP-TQS is a structural analog of an a7nAChR PAM, TQS. In addition to the PAM effect, it can also directly activate
α7nAChR by binding to an allosteric site located in the second transmembrane, channel-lining,
domain [37]. Fig 5B shows that 4BP-TQS directly activated 2 binding site mutants Y93C and
C191Y, and 1 mutant in M1 (Y211C). Although the difference between Y93C and blank control did not reach statistical significance with ANOVA, it had the trend. The concentration
response of 4BP-TQS for this mutant further supports that it could be activated by 4BP-TQS
(see Fig 7). However, 4BP-TQS alone failed to activate E173K and D197N mutants, although
both mutations are located in the N-terminal domain.
Since 4BP-TQS is also a PAM, it is also possible that it can rescue more nonfunctional
mutants in the presence of an orthosteric agonist. Fig 5C shows that in the presence of ACh or
nicotine, 4BP-TQS rescued more mutants than PNU-120596. Note that 4BP-TQS also showed
a trend to rescue the ACh and nicotine effects on E173K and D197N mutant. Although the rescued currents did not reach statistical significance in initial ANOVA test, if we remove the
groups with larger means (probably contributing larger variations to mask the groups with
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Fig 5. Agonist-responses for the nonfunctional mutants in the presence of a PAM or agonist-PAM. A.
Co-application of 31.6 μM PNU-120596 with 200 μM ACh or nicotine rescued the receptor functions for some
of the nonfunctional mutants. The same amount of cRNA was injected for each group, and recordings were
performed after 3 days in 9–19 oocytes for each group). The bar graph represents the average currents
rescued by PNU-120596. In case of the wild type, the current represents the rescued current from
desensitization. B, Direct activation of nonfunctional mutants by 4BP-TQS. The same amount of cRNA was
injected for each group, and recordings were performed after 3 days in 10–17 oocytes in each group). C, Coapplication of 4BP-TQS with ACh or nicotine rescued more mutants. The same amount of cRNA was injected
for each group, and recordings were performed after 3 days in 9–19 oocytes in each group. Asterisk (****)
represents that the difference between the wild type and each mutant is statistically significant (P<0.0001) in
Tukey multiple comparison test of one-way ANOVA. ♦♦, ♦♦♦, or ♦♦♦♦ represent the difference between
blank and each mutant with statistical significance (P<0.01, P<0.001, or P<0.0001).
doi:10.1371/journal.pone.0137588.g005
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Fig 6. PNU120596 concentration-response for the rescued nonfunctional mutants with a fixed ACh or nicotine concentration. A. Representative
current traces induced by increasing concentration of PNU-120596 in the presence of 200 μM ACh. B. Normalized and averaged (each group had at least 6
oocytes) current responses to ACh from A. Lines are nonlinear least squares fits of the normalized averages of the responses to the Hill equation. The
derived EC50 values from individual fits are listed in Table 2. C. Representative current traces induced by increasing concentration of PNU-120596 in the
presence of 200 μM nicotine. D. Normalized and averaged current responses (each group had at least 6 oocytes) to ACh from C. The derived EC50 values
from individual fits are listed in Table 2.
doi:10.1371/journal.pone.0137588.g006

smaller values) in the ANOVA test, then the rescued currents in these two mutants for both
ACh and nicotine were significantly higher than the blank control (P<0.0001). The rescuing
effects in these mutants were further confirmed by their concentration responses of these

Table 2. EC50 values for PNU-120596 with the fixed concentration of ACh/nicotine for the rescued
mutants.
Mutant name

EC50 (μM) with ACh

EC50 (μM) with nicotine

WT

1.15±0.09

0.11±0.01

Y93C

2.09±0.10

5.22±0.62

C191Y

ND

0.60±0.05

D197N

ND

3.22±0.37

Y211C

2.91±0.20

0.67±0.10

ND: not detectable
doi:10.1371/journal.pone.0137588.t002
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Fig 7. Concentration response of 4BP-TQS direct activation of the wild type control and Y93C, C191Y,
and Y211C mutants. A, Representative current traces induced by increasing concentration of 4BP-TQS. B.
Normalized and averaged current responses to 4BP-TQS from A. Lines are nonlinear least squares fits of the
normalized averages of the responses to the Hill equation. The resulting EC50 values were 5.54±0.31, 8.21
±1.03, 13.73±1.73, and 4.23±0.30 μM for the wild type control and Y93C, C191Y, and Y211C mutants
respectively (n = 6 for each group).
doi:10.1371/journal.pone.0137588.g007

mutants (Fig 8). However, the response to ACh or nicotine in the presence of 4BP-TQS for
R206C mutant was essentially the same as the blank control.

Concentration-response of the rescuing effect for nonfunctional mutants
To address whether the rescuing effect is concentration-dependent, we performed experiments
with a fixed ACh or nicotine concentration in the absence and presence of increasing concentration of PNU-120596. Fig 6A and 6B show that with the fixed ACh concentration at 200 μM,
PNU-120596 rescued the mutant receptor function concentration-dependently. Compared to
the wild type receptor (rescued current from desensitization), 1.8 or 2.5-fold higher PNU120596 concentrations were needed to rescue two mutant receptors. PNU-120596 rescued
nicotine response in two more mutants C191Y and D197N, in addition to Y93C and R211C
(Fig 6C and 6D). However, since the wild type PNU-120596 sensitivity is dramatically shifted
to the left in the presence of a constant concentration of nicotine, the mutants showed larger
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Fig 8. 4BP-TQS concentration-response for the rescued nonfunctional mutants with a fixed ACh or nicotine concentration. A. Representative
current traces induced by increasing concentration of 4BP-TQS in the presence of 200 μM ACh. B. Normalized and averaged (each group had 5–6 oocytes)
current responses from A. Lines are nonlinear least squares fits of the normalized averages of the responses to the Hill equation. The derived EC50 values
from individual fits are listed in Table 3. C. Representative current traces induced by increasing concentration of 4BP-TQS in the presence of 200 μM
nicotine. D. Normalized and averaged current responses (each group had 5–6 oocytes) from C. The derived EC50 values from individual fits are listed in
Table 3.
doi:10.1371/journal.pone.0137588.g008

difference (6-, 6-, 31-, 50-fold less sensitive than the wild type for mutants C191Y, R211C,
D197N, and Y93C, respectively) from the wild type (rescued desensitization).
The concentration responses of 4BP-TQS direct activation of Y93C, C191Y, and Y211C are
shown in Fig 7. Despite of non-responsiveness to ACh, the sensitivity of these three mutants to
4BP-TQS were not dramatically deviated from the wild type (1.5-, 2.5-, or 0.8-fold difference
when compared to the wild type).
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Table 3. EC50 values for 4BP-TQS with the fixed concentration of ACh/nicotine for the rescued
mutants.
Mutant name

EC50 (μM) with ACh

EC50 (μM) with nicotine

WT

0.27±0.04

0.19±0.03

Y93C

0.92±0.08

1.07±0.05

E173K

3.11±0.19

>31.6

C191Y

2.57±0.50

0.44±0.06

D197N

3.85±0.34

1.29±0.05

Y211C

5.50±2.74

0.70±0.14

doi:10.1371/journal.pone.0137588.t003

The rescuing effects of 4BP-TQS in the presence of an orthosteric agonist for five nonfunctional mutants were also concentration dependent. Fig 8A and 8B show the rescuing effect of
4BP-TQS for ACh responses of these mutants. Compared to the wild type receptor, 3-, 12-,
10-, 14-, or 21-fold higher 4BP-TQS concentration are required to rescue Y93C, E173K,

Fig 9. Coexpression of wild type and nonfunctional mutant. The same amount of cRNAs encoding the wild type or wild type plus mutant (in 1:1 ratio)
were injected into Xenopus oocytes, and recorded with two electrode voltage clamp for ACh-induced current after 3 days of injection. A. Peak current induced
by 3.16mM ACh for all groups on the 3 post-injection day. "****": P<0.0001. Each group had at least 16 oocytes. B. Averaged concentration response
relationships of the wild type and wild type plus mutant as indicated. Each group is the average of six oocyte data. C. EC50 values were derived by fitting
individual concentration-response curves in B. pEC50 values (negative logEC50) are used to plot the data. ("**", “***”, “****”: p<0.01, P<0.001, or
P<0.0001). D. Linear regression analysis for the relationship between Hill slope and LogEC50.
doi:10.1371/journal.pone.0137588.g009
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C191Y, D197N, and Y211C mutants respectively, Note that unlike other mutants, the rescued
current in E173K exhibited a relatively rapid desensitization, although the shift of EC50 for
4BP-TQS was not the highest among these five mutants. 4BP-TQS also rescued nicotine
responses of these five mutants as shown in Fig 8C and 8D. While Y93C, C191Y, D197N and
Y211C only showed moderate decrease (6-, 2-, 7-, 4-fold respectively) in sensitivity to
4BP-TQS in the presence of nicotine, E173K required greater than 163-fold higher concentration of 4BP-TQS to rescue its function. This is in contrast to a 12-fold increase in EC50 for
4BP-TQS with ACh. Similar to the rescuing effect with ACh, the rescued current of this mutant
also exhibited rapid desensitization.

Coexpression of nonfunctional mutants with the wild type
Up to this point, our testing has been restricted to independent mutant receptors, which is
equivalent to the homozygote condition. However, in real life, the frequency of heterozygote
carriers is much higher than that of homozygote individuals. Thus, it is equally important to
test whether heterozygote mimicking condition (coexpression of mutant and wild type) has
impact on the receptor function. Fig 9A shows the currents induced by 3.16mM ACh for the 6
nonfunctional mutants separately coexpressed with the wild type. Coexpression of each mutant
with the wild type was clearly functional. However, except for Y211C coexpression, all the
other nonfunctional mutant coexpressions resulted in reduced ACh-induced current. The concentration-response relationships of the wild type and coexpressed mutants are plotted in
Fig 9B. It seems that all mutant coexpressions could slightly reduce receptor sensitivity, since
all mutant coexpressions show small rightward shift in their concentration-response relationships. By fitting the data to the Hill equation, we derived EC50 values for these concentrationresponse relationships. Fig 9C is the bar graph for pEC50 (negative log). Except for E173K coexpression, all the other mutant coexpressions exhibited slightly shifted EC50 values from the
wild type receptor alone with statistical significance. Interestingly, we have also noticed that
coexpression of the mutants with the wild type also reduced Hill coefficients to different
extents. The mutant coexpressions with lower Hill coefficients tended to have larger EC50 shifts
(Fig 9D). We will discuss this linear relationship later.

Discussion
There are 55 SNPs causing missense mutations in the coding region of the human α7 nAChR
gene in the NCBI SNP database. In this study, we selected and characterized 14 SNPs causing
missense mutations in the agonist binding region and the coupling region between the aminoterminal domain and the channel gate in the transmembrane domain. In the oocyte expression
system, we demonstrate that 6 out of 14 mutations made the receptors unresponsive to ACh
and or nicotine in this expression system. Among remaining 8 mutants, 4 of them had reduced
current expression, and one had a dramatic increase in ACh response but a dramatic decrease
in nicotine response. Interestingly, some nonfunctional mutations could be rescued by α7
nAChR PAM, PNU-120596 or agonist-PAM, 4BP-TQS. Finally, when nonfunctional mutants
coexpressed with the wild type, they could modify the receptor function in expression level or
agonist sensitivity, suggesting a potential impact of these 6 SNPs on synaptic transmission even
in heterozygous condition.

Impact of the mutations on current level
Among 14 mutants tested, we found 4 of them showed reduced maximal whole-cell current
expression and 6 of them were totally nonfunctional in the Xenopus oocyte system. Interestingly, W55G mutation dramatically increased ACh-induced current. Thus, except for two
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Fig 10. Different interactions of ACh and nicotine with the AChBP binding residues. A. The binding pocket between chain A and chain B of the AChBP
co-crystalized with ACh (PBDID: 3WIP); B. The binding pocket between chain A and chain B of the AChBP co-crystalized with nicotine (PBDID: 1UW6). The
residues of Cys191 and Trp55 in the human α7nAChR are labeled next to their homologous residues in the AChBP. Arrows indicate different interactions.
doi:10.1371/journal.pone.0137588.g010

mutants (G212S and G212V) in the extracellular end of M1 domain and one conserved mutant
in binding loop C, K192R, all the other mutants in the binding domain and coupling region
exhibited different extent of alteration in whole-cell current level. Interestingly, while most of
the mutants exhibited similar changes in ACh and nicotine responses, the W55G mutant
exhibited an opposite change in ACh and nicotine response. Alteration of whole cell current
could be due to a change in the number of channels expressed in the plasma membrane. Alternatively, it may result from the altered channel opening probability (gating efficiency) or
changes in single channel conductance. In addition, it is also possible that the change in current
level could be due to alteration in receptor channel kinetics, such as desensitization.
For nonfunctional mutants, the question is whether they are expressed on the cell surface.
The function of the Y93C, E173C, C191Y, D197N, and Y211C could be rescued in the presence
of a PAM for α7 nAChR, suggesting that they are expressed on the cell surface, but their function is disrupted by the mutations. Y93C and C191Y are the mutations in the binding site
located in binding loop A and loop C. These two mutations most likely decrease the binding
energy to such an extent that the channel cannot be opened upon agonist binding. However, in
the presence of the positive allosteric modulator PNU-120596, the energy barrier for channel
opening is reduced. Thus, the agonist can reopen the channel despite of the reduced binding
energy for these mutant channels. Tyr93 is essential for orthosteric activation, and the mutation of this residue to cysteine makes the receptor insensitive to ACh, but still can be activated
by an allosteric agonist [38]. Our results with 4BP-TQS direct activation of Y93C are consistent
with that finding. Interestingly, for the C191Y mutant, rescuing effects of the PAM with ACh
or nicotine are different. PNU-120596 could only rescue the nicotine effect but not the ACh
effect. This phenomenon suggests that the binding energy loss for ACh is much higher than
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that for nicotine in this mutant. In the crystal structures of ACh binding protein (AChBP), a
soluble protein homologous to the amino-terminal domain of nicotinic receptor, the homologous cysteine (CYS188) does not form the disulfide bridge with the neighboring cysteine
(CYS187) when ACh bound to the receptor, but this cysteine residue can coordinate with
another binding residue (TYR192) in the same loop C to interact with ACh (Fig 10A, [39]).
Note that in the same pentameric structure of AChBP (3WIP chains A-E), chains A, D, E do
not have a disulfide bond, but chains B and C do have a disulfide bond. This suggests that the
receptor can adopt two different conformations when binding ACh. In contrast, when nicotine
is in the binding site, the homologous cysteine can form a disulfide bridge with the neighboring
cysteine in all five subunits of the pentameric structure and indirectly interacts with nicotine
(Fig 10B, [40]). For the Y211C mutation, it is likely that the mutation decreases the coupling
between the M1 and M2-M3 domains, the outward tilting of the latter is proposed to be the
mechanism for channel activation for this receptor family [41]. In fact, a computational study
predict that the activation pathway of this receptor family is via pre-M1 region [42]. In our
homology model, this residue is facing the beginning of M3 domain and is likely to be interacting with Met261. The mutation of Y211C probably disrupts the coupling between pre-M1 to
M2-M3 domain, making the receptor nonfunctional. However, weakening of gating energy by
PN-120596 would allowed the weakened coupling to transduce the binding energy enough to
open the channel. For D197N nonfunctional mutation, the nicotine but not the ACh effect
could be partially rescued by PNU-120596. However, 4BP-TQS could partially rescue ACh and
nicotine effect. This differential effect again suggests that nicotine and acetylcholine gate the
channel differently, and PNU-120596 and 4BP-TQS modulate the channel differently. Asp197
is likely a key residue in coordinating the binding loops B and C. In fact, it forms a functionally
important triad with Tyr188 and Lys145 (loop B) [43]. The homologous residue (Asp194)
along with Lys139 (loop B) and Tyr185 in the α1 muscle type nicotinic receptor has been
shown to be functionally important triad. Dynamic interaction of this triad is an important
mechanism for channel activation [44]. For nonfunctional E173K mutant, Glu173 is located in
loop 9. It has been reported that the mutation of this residue (E173A) could completely abolish
the current, but preserve the surface expression of the mutant receptor [45]. Other mutations
of this residue have similar effects, suggesting that Glu173 is an important coupling residue.
Mutation of this residue can completely uncouple the agonist binding to the channel gating.
An alternative explanation of the PAM effect is that it makes the desensitized state conducting as proposed by Williams et al [46]. With this mechanism, the rescuable nonfunctional
mutants can directly go to desensitized state upon agonist binding. However, in the presence of
a PAMII, the desensitized channel is converted to a conducting state with different gating
kinetics and even with different single channel conductance. Thus, they lack normal activation
state, but still can be desensitized and converted to a conducting desensitized state by a PAMII.
Regardless the mechanism, functional rescue of nonfunctional channel would have potential
clinical applications.
4BP-TQS is an allosteric agonist as well as a PAM for α7nAChR. For the nonfunctional
mutations in the orthosteric binding site or coupling region, if their surface expression is
preserved, we expect that their response to 4BP-TQS direct activation through the allosteric
site in the M2 domain should be normal. Indeed, 4BP-TQS directly activated Y93C, C191Y,
and Y211C mutant receptors. The concentration response of 4BP-TQS for these mutants were
similar to that for the wild type receptor, suggesting that mutations in the binding loop C tip,
loop A, and M1 do not influence 4BP-TQS binding and function. However, in additional to
sensitivity, we have noticed that the amplitude of the 4BP-TQS-induced currents in these 3
mutants was also different. With near saturation concentration, 4BP-TQS induced-current
in Y211C had similar amplitude as the wild type. In contrast, Y93C and C191Y had the
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4BP-TQS-induced currents with significantly lower amplitude, suggesting that these mutations
may reduce the receptor surface expression. Alternatively, the mutations in the binding sites
could allosterically influence channel gating efficiency. In GABAA/C receptors, mutations of
residues in the binding loops A, B, or E created spontaneously opening channels [47, 48]. Thus,
it is possible that mutation of a residue in the binding site can have an impact on the channel
gating. Perhaps Y93C and C191Y mutations not only influence binding, but also allosterically
inhibit channel gating, resulting in lower gating efficiency by the allosteric agonist 4BP-TQS.
In contrast, Y211C has no direct effect on channel gating as reflected by the full efficacy of
4BP-TQS when compared to the wild type. Its effect on the activation by orthosteric agonist
likely due to uncoupling of the N-terminal orthosteric binding domain to the channel gating
domain. This explanation is further supported by its similar 4BP-TQS sensitivity to that of the
wild type. In comparison, the 4BP-TQS sensitivity of the Y93C and C191Y mutants were
slightly reduced. For E173K and D197N mutants, unexpectedly, they could not be activated by
4BP-TQS alone, but their function could be restored with the collaborative effort of an allosteric agonist and an orthosteric agonist. Thus, the perturbation in the orthosteric binding loop C
arm (D197N) or the coupling region (E173K) not only severely impair the coupling between
the orthosteric binding site and the channel gate, but also completely abolish direct gating by
allosteric agonist. The non-rescuable mutants could influence receptor assembly or might have
a larger influence in binding or coupling energy. The conserved arginine at the middle position
of the pre-M1 RRR motif of nicotinic receptor subunits is required for the transport of assembled α7 nAChR to the cell surface [49]. Thus, the corresponding R206C mutation would likely
prevent surface expression of the receptor, most probably by disrupting interactions between
pre-M1, loop2 and M2-M3 linker as suggested by molecular dynamics simulation in α7
nAChR [50] or experimental evidence in other subunits [51].
For the functional W55G mutant, our findings of its impact on ACh response are consistent
with previous reports [30, 52]. In addition, our observation of differential impact of this mutant
on ACh and nicotine efficacy is interesting. By examining the crystal structures of AChBP with
ACh or nicotine, we found that nicotine can directly interact with TRP55 through a Pi-Alkyl
interaction (Fig 10B). In contrast, ACh does not directly interact with TRP55 (Fig 10A). That
could be an important mechanism for the differential impact of the mutation on the efficacy of
ACh or nicotine

Heterozygote mimicking expression for nonfunctional mutants
The frequencies of occurrence for the SNPs tested here are not determined, but they are likely
to be relatively low. Thus, the homozygote individuals carrying these SNPs should be relatively
rare. However, the heterozygous carriers of these mutations should be more frequent. To determine whether these nonfunctional mutants can influence the receptor function in heterozygote
situation, we coexpressed the nonfunctional mutants (one at a time) with the wild type receptor. Our results (Fig 9) demonstrated that except for Y211C, other 5 nonfunctional mutant
coexpressions with the wild type significantly decreased the maximal current when compared
to the wild type subunit. The highest reduction of current was found in the Y93C coexpression,
with 3.9-fold change. The fold change in remaining 4 groups were 2.2, 2.7, 1.6, and 2.0 for
E173K, C191Y, D197N, and R206C. Thus, it is likely that the heterozygote individuals with
these mutations have the reduced α7 nAChR function. Notably, despite only half of the
amount of the wild type cRNA injected in Y211C mutant coexpression condition, the maximum current levels were not significantly different from the wild type. For R206C, since it is
likely that the mutation can influence surface expression, the mutant subunit may not be able
to co-assemble with the wild type subunit. Alternatively, it may get co-assembled with the wild
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type subunits with a relatively low efficiency. Incorporation of this mutant subunit into the
receptor may also influence channel function as demonstrated in Fig 9A–9C. Y93C and C191Y
are located in the binding site. Incorporation of these mutant subunit into the captor would
reduce number of binding sites in a receptor. Although at single channel level, it has been demonstrated that one binding is enough to elicit full response in α7 nAChR[53], when the number
of functional binding sites is reduced in a single receptor, the chance for the receptor to get a
single binding for a given concentration of an agonist at any time would be reduced. This can
clearly influence the receptor concentration response to an agonist. Thus, receptors with different number of functional binding sites would have slightly different sensitivities to an agonist.
The mixed population of the receptors with slightly different agonist sensitivity can result in
apparent shallow Hill slope.
Influence of E173K and D197N coexpression on the channel function likely through their
influence in coupling between agonist binding to channel gating. For the ACh concentrationresponse relationship, all the receptors coexpressed with a nonfunctional mutant tend to be
shifted to the right slightly and with a shallower Hill slope. Interestingly, the increase in EC50
(in log scale) is highly correlated to the decrease in Hill coefficient. This phenomenon suggests
that co-assembly of the nonfunctional mutant subunit with wild type subunit (with different
subunit stoichiometries) can result in functional channels with slightly reduced sensitivity. In
this case, the difference in agonist sensitivity between all wild type and mutant containing
receptors could be relatively small, so that different sensitivity components cannot be resolved,
resulting in a shallow Hill slope when the data were fitted with the single Hill equation. However, the multiple sensitivity mixture can be recognized by the reduced Hill coefficient (especially when it is below unity).
Finally, although most of the SNPs we tested have been validated by multiple independent
submissions to refSNP cluster, only 6 of them have been validated by the 1000 Genome
Sequencing Project with the second generation of haplotype map (HapMapII). Another SNP
has been validated by HapMap project. It should be kept in mind that except for the SNPs causing mutations of D47N and W55G, the remaining SNPs are located in a region (exons 5–10)
that is nearly identical (with only 1 base difference) to that in CHRFAM7A gene with the partial duplication of the CHRNA7 gene. Thus, it is possible that some of the α7 SNPs could be
the SNPs from CHRFAM7A gene, but mistakenly placed in the CHRNA7 SNPs. They need to
be confirmed by haplotyping or other means in the future.
In summary, in this study, we have identified 11 α7 nAChR SNPs in the agonist binding
and coupling regions that have a functional impact on the receptor. Among them, 4 SNPs were
functional but with reduced current expression, 1 with increased ACh-induced current, but
decreased nicotine-induced current expression, and 6 SNPs were nonfunctional. Among the
functional SNPs, two exhibited slightly reduced sensitivity to ACh. Interestingly, 5 nonfunctional mutants can be rescued by the α7 nAChR positive allosteric modulator, PNU-120596
and/or 4BP-TQS. Nonfunctional mutants also influenced receptor function when coexpressed
with the wild type in the heterozygote mimic condition. These changes of the receptor properties by the mutations would have potential impact on physiological function of the α7nAChRmediated cholinergic synaptic transmission and anti-inflammatory effects. It would be interesting to see whether these abnormalities of receptor function can be correlated to cognitive functional differences or to an individual's anti-inflammatory ability in the future studies with
genome wide association or knockin animal models. In addition, rescuing the nonfunctional
mutants could provide a novel way to treat the related disorders.

PLOS ONE | DOI:10.1371/journal.pone.0137588 September 4, 2015

19 / 22

Functional Impact of α7 nAChR SNPs

Acknowledgments
We thank Dr. Alan Gibson for his help in proofreading the manuscript. This work was supported by the National Institute of General Medical Sciences (R01GM085237), and Barrow
Neurological Foundation (to YC).

Author Contributions
Conceived and designed the experiments: YC. Performed the experiments: QZ YD JZ XX FX.
Analyzed the data: QZ YD JZ XX YC. Contributed reagents/materials/analysis tools: YC YH
RL CG. Wrote the paper: YC YH RL CG.

References
1.

Dani J, Bertrand D. Nicotinic acetylcholine receptors and nicotinic cholinergic mechanisms of the central nervous system. Annual Review of Pharmacology and Toxicology. 2007; 47:699–729. PMID:
17009926

2.

Albuquerque E, Pereira E, Alkondon M, Rogers S. Mammalian nicotinic acetylcholine receptors: from
structure to function. Phyiological Review. 2009; 89:73–120.

3.

Thompson A, Lummis S. The 5-HT3 receptor as a therapeutic target. Expert Opinion on Therapeutic
Targets. 2007; 11(4):527–40. PMID: 17373882

4.

Davies P, Wang W, Hales T, Kirkness E. A novel class of ligand-gated ion channel is activated by Zn2+.
J Biol Chem. 2003; 278(2):712–7. PMID: 12381728

5.

Olsen R, Sieghart W. International Union of Pharmacology. LXX. Subtypes of γ-aminobutyric acid (A)
receptors: classification on the basis of subunit composition, pharmacology, and function. Update.
Pharmacological Reviews. 2008; 60:243–60. doi: 10.1124/pr.108.00505 PMID: 18790874

6.

Olsen R, Sieghart W. GABAA receptors: subtypes provide diversity of function and pharmacology.
Neuropharmacology. 2009; 56(1):273–84.

7.

Johnston G, Chebib M, Hanrahan J, Mewett K. GABAC receptors as drug targets. Curr Drug Targets
CNS Neurol Disord. 2003; 2(4):260. PMID: 12871036

8.

Lynch J. Native glycine receptor subtypes and their physiological roles. Neuropharmacology. 2009; 56
(1):303–9. doi: 10.1016/j.neuropharm.2008.07.034 PMID: 18721822

9.

Changeux J, Edelstein S. Allosteric receptors after 30 years. Neuron. 1998; 21:959–80. PMID:
9856454

10.

Brejc K, Dijk W, Klaassen R, Schuurmans M, Oost J, Smit A, et al. Crystal structure of an ACh-binding
protein reveals the ligand-binding domain of nicotinic receptors. Nature. 2001; 411:269–76. PMID:
11357122

11.

Chen Y, Reilly K, Chang Y. Evolutionarily conserved allosteric network in the cys-loop family of ligandgated ion channels revealed by statistical covariance analyses. J Biol Chem. 2006; 281:18184–92.
PMID: 16595655

12.

Chang Y, Wu W, Zhang J, Huang Y. Allosteric activation mechanism of the cys-loop receptors. Acta
Pharmacologica Sinica. 2009; 30(6):663–72. doi: 10.1038/aps.2009.51 PMID: 19444220

13.

Lukas R, Changeux J, Le Novère N, Albuquerque E, Balfour D, Berg D, et al. International Union of
Pharmacology. XX. Current status of the nomenclature for nicotinic acetylcholine receptors and their
subunits. Pharmacological Reviews. 1999; 51(2):397–401. PMID: 10353988

14.

Northrop N, Smith L, Yamamoto B, Eyerman D. Regulation of glutamate release by α7 nicotinic receptors: differential role in methamphetamine-induced damage to dopaminergic and serotonergic terminals. Journal of Pharmacology and Experimental Therapeutics. 2011; 336(3):900–7. doi: 10.1124/jpet.
110.177287 PMID: 21159748

15.

Nordman J, Kabbani N. An interaction between α7 nicotinic receptors and a G-protein pathway complex
regulates neurite growth in neural cells. Journal of Cell Science. 2012; 125(22):5502–13.

16.

Shaw S, Bencherif M, Marrero M. Janus kinase 2, an early target of alpha 7 nicotinic acetylcholine
receptor-mediated neuroprotection against Abeta-(1–42) amyloid. J Biol Chem. 2002; 277(47):44920–
4. PMID: 12244045

17.

Broide R, Leslie F. The α7 nicotinic acetylcholine receptor in neuronal plasticity. Mol Neurobiol. 1999;
20(1):1–16. PMID: 10595869

PLOS ONE | DOI:10.1371/journal.pone.0137588 September 4, 2015

20 / 22

Functional Impact of α7 nAChR SNPs

18.

Freedman R, Coon H, Myles-Worsley M, Orr-Urtreger A, Olincy A, Davis A, et al. Linkage of a neurophysiological deficit in schizophrenia to a chromosome 15 locus. Proc Natl Acad Sci USA. 1997; 94
(2):587–92. PMID: 9012828

19.

Elmslie F, Williamson M, Rees M, Kerr M, Kjeldsen M, Pang K, et al. Genetic mapping of a major susceptibility locus for juvenile myoclonic epilepsy on chromosome 15q. Medizinische Genetik. 1997; 9:15.

20.

Sharp A, Mefford H, Li K, Baker C, Skinner C, Stevenson R, et al. A recurrent 15q13.3 microdeletion
syndrome associated with mental retardation and seizures. Nature Genet. 2008; 40(3):322–8. doi: 10.
1038/ng.93 PMID: 18278044

21.

de Jonge W, Ulloa L. The alpha7 nicotinic acetylcholine receptor as a pharmacological target for inflammation. British Journal of Pharmacology. 2007; 151:915–29. PMID: 17502850

22.

Sadis C, Teske G, Stokman G, Kubjak C, Claessen N, Moore F, et al. Nicotine protects kidney from
renal ischemia/reperfusion injury through the cholinergic anti-inflammatory pathway. PLoS One. 2007;
2(5):e469. PMID: 17520028

23.

van Maanen M, Vervoordeldonk M, Tak P. The cholinergic anti-inflammatory pathway: towards innovative treatment of rheumatoid arthritis. Nature Review of Rheumatology. 2009; 5(4):229–32.

24.

Martelli D, McKinley M, McAllen R. The cholinergic anti-inflammatory pathway: a critical review. Auton
Neurosci. 2014; 182:65–9. doi: 10.1016/j.autneu.2013.12.007 PMID: 24411268

25.

Wang D, Zhou R, Yao Y, Zhu X, Yin Y, Zao G, et al. Stimulation of α7 nicotinic acetylcholine receptor by
nicotine increases suppressive capacity of naturally occurring CD4+CD25+ regulatory T Cells in mice
in vitro. Journal of Pharmacology and Experimental Therapeutics. 2010; 335:553–61. doi: 10.1124/jpet.
110.169961 PMID: 20843956

26.

Brookes A. The essence of SNPs. Gene. 1999; 234(2):177–86. PMID: 10395891

27.

Sherry S, Ward M, Sirotkin K. dbSNP-database for single nucleotide polymorphisms and other classes
of minor genetic variation. Genome Research. 1999; 9(8):677–9. PMID: 10447503

28.

Purohit P, Gupta S, Jadey S, Auerbach A. Functional anatomy of an allosteric protein. Nat Commun.
2013; 4:2984. doi: 10.1038/ncomms3984 PMID: 24352193

29.

Purohit P, Bruhova I, Auerbach A. Sources of energy for gating by neurotransmitters in acetylcholine
receptor channels. Proc Natl Acad Sci USA. 2012; 109(24):9384–9. doi: 10.1073/pnas.1203633109
PMID: 22647603

30.

Williams D, Stokes C, Horenstein N, Papke R. Differential regulation of receptor activation and agonist
selectivity by highly conserved tryptophans in the nicotinic acetylcholine receptor binding site. Journal
of Pharmacology and Experimental Therapeutics. 2009; 330(1):40–53. doi: 10.1124/jpet.109.151225
PMID: 19339660

31.

Young G, Zwart R, Walker A, Sher E, Millar N. Potentiation of α7 nicotinic acetylcholine receptors via
an allosteric transmembrane site. Proc Natl Acad Sci USA. 2008; 105(38):14686–91. doi: 10.1073/
pnas.0804372105 PMID: 18791069

32.

Bertrand D, Bertrand S, Cassar S, Gubbins E, Li J, Gopalakrishnan M. Positive allosteric modulation of
the alpha7 nicotinic acetylcholine receptor: ligand interactions with distinct binding sites and evidence
for a prominent role of the M2-M3 segment. Mol Pharmacol. 2008; 74(5):1407–16. doi: 10.1124/mol.
107.042820 PMID: 18678621

33.

Spurny R, Debaveye S, Farinha A, Veys K, Vos A, Gossas T, et al. Molecular blueprint of allosteric
binding sites in a homologue of the agonist-binding domain of the α7 nicotinic acetylcholine receptor.
Proc Natl Acad Sci USA. 2015; 112(19):E2543–52. doi: 10.1073/pnas.1418289112 PMID: 25918415

34.

Uteshev V. The therapeutic promise of positive allosteric modulation of nicotinic receptors. Eur J Pharmacol. 2014; 727:181–5. doi: 10.1016/j.ejphar.2014.01.072 PMID: 24530419

35.

Chojnacka K, Papke R, Horenstein N. Synthesis and evaluation of a conditionally-silent agonist for the
α7 nicotinic acetylcholine receptor. Bioorganic & Medicinal Chemistry. 2013; 23(14):4145–9.

36.

Papke R, Bagdas D, Kulkarni A, Gould T, AlSharari S, Thakur G, et al. The analgesic-like properties of
the alpha7 nAChR silent agonist NS6740 is associated with non-conducting conformations of the
receptor. Neuropharmacology. 2015; 91:34–42. doi: 10.1016/j.neuropharm.2014.12.002 PMID:
25497451

37.

Gill J, Savolainen M, Young G, Zwart R, Sher E, Millar N. Agonist activation of α7 nicotinic acetylcholine
receptors via an allosteric transmembrane site. Proc Natl Acad Sci USA. 2011; 108(14):5867–72. doi:
10.1073/pnas.1017975108 PMID: 21436053

38.

Papke R, Horenstein N, Kulkarni A, Stokes C, Corrie L, Maeng C, et al. The activity of GAT107, an allosteric activator and positive modulator of α7 nicotinic acetylcholine receptors (nAChR), is regulated by
aromatic amino acids that span the subunit interface. J Biol Chem. 2014; 289(7):4515–31. doi: 10.
1074/jbc.M113.524603 PMID: 24362025

PLOS ONE | DOI:10.1371/journal.pone.0137588 September 4, 2015

21 / 22

Functional Impact of α7 nAChR SNPs

39.

Olsen J, Balle T, Gajhede M, Ahring P, Kastrup J. Molecular recognition of the neurotransmitter acetylcholine by an acetylcholine binding protein reveals determinants of binding to nicotinic acetylcholine
receptors. PLoS One. 2014; 9(3):e91232. doi: 10.1371/journal.pone.0091232 PMID: 24637639

40.

Celie P, Rossum-Fikkert S, Dijk W, Brejc K, Smit A, Sixma T. Nicotine and carbamylcholine binding to
nicotinic acetylcholine receptors as studied in AChBP crystal structures. Neuron. 2004; 41:907–14.
PMID: 15046723

41.

Bocquet N, Nury H, Baaden M, Poupon C, Changeux J, Delarue M, et al. X-ray structure of a pentameric ligand-gated ion channel in an apparently open conformation. Nature. 2009; 457:111–4. doi: 10.
1038/nature07462 PMID: 18987633

42.

Mowrey D, Chen Q, Liang Y, Liang J, Xu Y, Tang P. Signal transduction pathways in the pentameric
ligand-gated ion channels. PLoS One. 2013; 8(5):e64326. doi: 10.1371/journal.pone.0064326 PMID:
23667707

43.

Horenstein N, McCormack T, Stokes C, Ren K, Papke R. Reversal of agonist selectivity by mutations of
conserved amino acids in the binding site of nicotinic acetylcholine receptors. J Biol Chem. 2007; 282
(8):5899–909. PMID: 17189260

44.

Mukhtasimova N, Free C, Sine S. Initial coupling of binding to gating mediated by conserved residues
in the muscle nicotinic receptor. J Gen Physiol. 2005; 126(1):23–39. PMID: 15955875

45.

Criado M, Castillo M, Mulet J, Sala F, Sale S. Role of loop 9 on the function of neuronal nicotinic receptors. Biochimica et Biophysica Acta. 2010; 1798:654–9. doi: 10.1016/j.bbamem.2009.12.013 PMID:
20043866

46.

Williams D, Wang J, Papke R. Investigation of the molecular mechanism of the α7 nicotinic acetylcholine receptor positive allosteric modulator PNU-120596 provides evidence for two distinct desensitized
states. Mol Pharmacol. 2011; 80(6):1013–32. doi: 10.1124/mol.111.074302 PMID: 21885620

47.

Newell J, McDevitt R, Czajkowski C. Mutation of glutamate 155 of the GABAA receptor β2 subunit produces a spontaneously open channel: a trigger for channel activation. J Neurosci. 2004; 24(50):11226–
35. PMID: 15601928

48.

Sedelnikova A, Smith C, Zakharkin S, Davis D, Weiss D, Chang Y. Mapping ρ1 GABAC receptor agonist binding pocket: constructing a complete model. J Biol Chem. 2005; 280:1535–42. PMID: 15548535

49.

Vicente-Agullo F, Rovira J, Sala S, Sala F, Rodriguez-Ferrer C, Campos-Caro A, et al. Multiple roles of
the conserved key residue arginine 209 in neuronal nicotinic receptors. Biochemistry. 2001; 40
(28):8300–6. PMID: 11444976

50.

Cheng X, Wang H, Grant B, Sine S, McCammon J. Targeted molecular dynamics study of C-loop closure and channel gating in nicotinic receptors. PloS Compuational Biology. 2006; 2(9):e134.

51.

Lee W, Sine S. Principal pathway coupling agonist binding to channel gating in nicotinic receptors.
Nature. 2005; 438:243–7. PMID: 16281039

52.

Gay E, Giniatullin R, Skorinkin A, Yakel J. Aromatic residues at position 55 of rat α7 nicotinic acetylcholine receptors are critical for maintaining rapid desensitization. Journal of Physiology. 2008; 586:1105–
15. PMID: 18096596

53.

Andersen N, Corradi J, Sine S, Bouzat C. Stoichiometry for activation of neuronal α7 nicotinic receptors. Proc Natl Acad Sci USA. 2013; 110(51):20819–24. doi: 10.1073/pnas.1315775110 PMID:
24297903

PLOS ONE | DOI:10.1371/journal.pone.0137588 September 4, 2015

22 / 22

